This paper discusses the second-generation integrated coal gasitication/combined-cycle power systems using, as a basis, the molten-salt gasifier. A brief description of the major equipment which forms the basis of the power plant, the analysis identifying the operating conditions for the integrated system, and a discussion of the overall power plant design are given.
INTRODUCTION
The increased use of coal in the utility industry is a cornerstone of this nation's energy policy. In the near term, this will take the form of burning low-sulfur coals and the use of flue gas desulfurization. However, in the post-1985 period, highly efficient advanced power systems, such as the combined gas turbine-steam turbine (combined-cycle systems ), could appear. These power plants, based upon large gas turbines operating at temperatures of 1425 C or higher, would be able to utilize fuel gas from a coal gasification system and still attain overall efficiencies higher than conventional steam plants.
The advanced combined-cycle systems would demonstrate significant improvement over these currently available and could be considered second-generation systems. Similarly, it would be commercially advantageous to integrate the power system with second-generation gasification processes which would offer cost and efficiency advantages over present-day processes. As part of Phase I of the ERDA-sponsored High-Temperature Turbine Technology Program) the United Technologies Corporation and the Pullman Kellogg Division of Pullman Incorporated identified the conceptual design of a second-generation, integrated coal gasification/combined-cycle power system using as a basis the molten-salt gasifier being developed by Pullman Kellogg and also by Atomics International Division of Rockwell International, and the FT50/0T200, a prototype 100-MW class industrial gas turbine designed by United Technologies and Stal-Laval Ltd. of Sweden.
The overall power plant identified during the HTTTP had a net output of 955 MW; the four gas turbines had an output of 580 MW and the steam turbine gas was rated at 393 MW. The overall system efficiency from coal pile-to-busbar was 44.0 percent.
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2 A brief description of the major equipment which forms the basis of the power plant, the analyses identifying the operating conditions for the integrated system, and a discussion of the overall power plant design are given in the following paragraphs.
COAL GASIFICATION AND CLEANUP SYSTEM
The gasification system selected for this application is a molten salt process being developed by the Pullman Kellogg Division of Pullman Incorporated and the Atomics International Division of Rockwell International Corporation. Molten salt gasifiers react continuously fed ground coal with air by catalysis in a sodium carbonate bath to produce a low-Btu, sulfur-free fuel gas. Some of the important features of this process that make it particularly attractive for an advanced, combined-cycle plant application include the following:
• The process can handle caking coals without pretreatment.
• Coal feed can be coarse ground or fine or both. • Product gas is free of tar, NO, and NH3.
• Ash and sulfur are retained in the melt.
• Catalytic effect of the melt reduces gasifier volume requirements.
• High carbon utilization is achieved (approximately 99 percent).
• No steam is required for gasification.
Overall, these advantages lead to a process with a high gasifier thermal efficiency and minimal gas cleaning requirements suitable for a wide variety of coals. In a combined-cycle plant, use of the molten salt gasification process should result in a system that is attractive from both cost and efficiency standpoints.
The production of coal-derived gas for operating the combined cycle is shown schematically Fig. 1 . Coal, which has been crushed to the requisite size, is blended with makeup sodium carbonate and sent to the gasifier. In the gasifier, the coal is suspended in a bed of molten sodium carbonate and is gasified with air to produce low-Btu fuel gas. Coal mixed with recycled sodium carbonate is continuously charged to the gasifier, and the vigorous turbulence in the molten salt bed results in uniform distribution of coal throughout the bed. Air is injected into the molten bed and the partial oxidation of coal produces a low-Btu fuel gas free of coal ash. The ash is retained in the melt. Furthermore, it is also free of ammonia, tars, and heavy hydrocarbons. These constituents are destroyed in the molten sodium carbonate. Under conditions of low-Btu gasification, a high degree of sulfur retention (. 90 percent) in the melt as sodium sulfate (Na 2 S) results such that the raw fuel gas is low in hydrogen (H2 S). Only minimal cleaning to remove traces of alkali metals is required to make the fuel gas suitable as a gas-turbine engine fuel. The sulfur and ash are removed in a melt purge.
The operating conditions of the molten salt gasifier must be such that the bed is above the fusion temperature of sodium carbonate (855 C), yet below the temperature where excessive vaporization of sodium carbonate and material corrosion problems arise. Normal operation is maintained between 925 and 980 C. Temperature can be conveniently controlled by regulating the air-tocoal ratio. Since the process is basically partial oxidation, increasing the air-to-coal ratio increases the gasifier temperature at the expense Africa of fuel gas heating value. The operating pressure is determined primarily by fuel gas pressure requirements. Pressure does not have a significant effect of the fuel gas composition ( Table  1) . The necessary gas cleanup to meet the level of purity required for the gas-turbine engine is primarily directed at removing sodium contaminants. These result from small amounts of entrained and vaporized sodium carbonate from the gasifier. Satisfactory control of sulfur, tars, and particulates other than sodium carbonate is directly achieved in the gasifier. To control alkali metals, two stages of gas cleaning are employed. In the first stage, a fluid bed cooler (Fig. 2 ) is used to quench the gas so the entrained and vaporized sodium salts condense and fuse on the surface of the particles in the fluid bed. By providing condensation sites while quenching the gas, the fluid bed prevents formation of a sodium carbonate or sodium oxide fume. In addition to removing vaporized and entrained sodium carbonate, the fluid bed cooler also serves to prevent carbon laydown by rapidly quenching the gas and, at the same time, provides high-level recovery of the fuel gas sensible heat. The fluid bed cooler serves as the boiler for the waste heat recovery system. This system, i.e., boiler flow loop and disengager is essentially a duplicate of the fluidized iron catalyst synthesis at SASOL which has been in operation since the early 1950:s. In the second stage of cleaning, a water wash is employed to remove final traces of alkali metals. The clean, saturated fuel gas is sent to the gas turbine.
One system that is noteworthy from the standpoint of functional operation of the plant is the ash removal and salt recovery system. This system treats the purge stream that removes ash and sulfur from the gasifier. By employing technology similar to that in practice in the pulp and paper industry, ash and sulfur are removed and the sodium carbonate is recovered. The melt purge from the gasifier is quenched with a circulating stream of sodium bicarbonate solution. The soluble sodium salts in the melt purge are then allowed to dissolve. The insoluble ash compounds are removed from the solution by filtration. The solution is then stripped with steam at low pressure to remove hydrogen sulfide ( 11 2 5 ) The 1125 is converted to elemental sulfur in a conventional Claus plant. The stripped solution flows through an absorber where makeup CO2 or any remaining H25 is absorbed from the fuel gas. The solution is further carbonated with recycled CO2 to precipitate solid sodium bicarbonate. The resulting slurry is centrifuged. The solution is recycled to the quench tank and the solid sodium bicarbonate is fed into the calciner. In the calciner, sodium bicarbonate is decomposed by heating to produce sodium carbonate for recycle to the gasifier. The CO2 from decomposition of the bicarbonate is recycled to the carbonator.
GAS TURBINE ENGINE
An advanced version of the FT50/GT200, a 100-MW prototype industrial gas turbine designed and developed by the United Technologies Corporation and Stal-Laval Ltd., was selected as the base-line engine. This engine, which is fully described elsewhere (1). 2 consists of a twinspool gas generator and a power turbine driving the output shaft. The two gas generator rotor systems are concentric and aerodynamically coupled, yet mechanically independent. The lowpressure compressor contains seven axial-flow stages and the high-pressure compressor has ten stages. Each compressor is driven by a singlestage impulse/reaction turbine. Hot gases discharged from the gas generator drive a two-stage axial flow power turbine unit coupled to an electrical generator.
The turbine would operate at an overall pressure ratio of 18:1 at a temperature of 1425 C. Turbine cooling would be by a combination of water and air; i.e., the gas generator vanes, intermediate case strut, and outer air seals would be cooled by sub-cooled boiling water; the rotating structures would be air-cooled with 200
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C precooled compressor discharge air except for the last-stage power turbine blade which would be uncooled. A detailed description of the cooling scheme is available in the literature (2).
STEAM BOTTOMING SYSTEM
The steam system of the combined cycle contributes a net output of 374 mw to the total plant output. The selected system is a single pressure reheat cycle and offers the best compromise between efficiency and complexity. Basically, the steam system is comprised of two main components. These include a steam turbine and a waste heat recovery system. System cooling is provided by mechanical draft cooling towers.
The steam turbine portion of the system operates at a throttle pressure of 1 53 atm and superheat and reheat temperatures of 510 C. The turbine is a single, tandem-compound, dual-flow configuration. A single generator for the steam turbine produces an output of 472,000 kilovoltamperes (kvA).
The second part of the system, the waste heat recovery unit, consists of a series of reheaters, superheaters, boilers, economizers, and feed water heaters. The exhaust heat of the gas turbine is used for reheating, superheating, economizing, and feed water heating. As previously mentioned, all evaporization is accomplished in the fluid bed disengager, a part of the gasification process.
FACTORS AFFECTING SELECTION OF CYCLE OPERATING CHARACTERISTICS
Prior to identifying the operating characteristics of the power plant, consideration must be given to a number of factors affecting the selection process. The turbine inlet temperature, set by ERDA at 1425 C, was the key parameter. This level is far above the current industrial engine levels of 1000 to 1050 C, although some aircraft engines operate in this high-temperature regime during some portion of the typical flight envelope. Thus, it was apparent that while advanced cooling methods would be required, experience gained during years of producing hightemperature aircraft engines would contribute greatly to obtaining a practical solution to the problem.
The use of fuel gas from an integrated coal gasifier posed three unique problems: (a) the air used as an oxidant in the gasifier would be supplied by the gas turbine and represented some 15 percent of the engine flow which would not be available as a cooling medium for either the combustor or the turbine, (b) the volume flow of the fuel gas would be some six times higher than usual with natural gas, and (c) the fuel gas could be dirty compared to more usual turbine fuels.
The diversion of air to the gasifier affects the selection of cooling schemes for both the combustor and the turbine. In order to minimize the development risk, a modification of present-day air-cooled combustors was selected (2) . A ceramic is flame-sprayed onto a felt metal part supported by a Hastelloy X plate to form a section of combustor liner. This technique is similar to that developed for turbine tip seals. An annular configuration for the combustor was selected since this minimizes the surface requiring cooling. Particular attention was paid to potential maintenance problems associated with annular combustor. Based upon a maintenance -procedure similar to that currently used on the highly successful FT4 series of engines, complete hot-section maintenance and return to service can be accomplished in ten working days.
The volume of gas to be handled requires additional injector area and also higher than normal fuel control pressure drop. This reflects back through the overall systems to affect the operating pressure of the gasifier.
Fuel gas cleanliness has a significant Impact not only because of environmental issues but also due to the effect on turbine cooling. If the fuel gas is free of sulfur, tars and particulates, turbine cooling schemes similar to those currently used can be considered. Also, metal temperatures can be at levels typical of current practice, i.e., 800 to 850 C. CAS TURBINE .COOLING SCHEME The major cooling task is the first-stage vane. In typical air-cooled turbines, nearly 50 percent of the air needed for cooling is used for this task. In total, over 60 percent of the cooling air is used for cooling the various other static structures, such as second-stage vanes, diffusers, interturbine uges, etc. Because of the gasifier air consumption, air for cooling would be at a premium, even if the cooling air were to be cooled from compressor discharge temperature to a lower temperature, say 200 C in an external exchanger. Thus, the use of a second cooling medium, such as water, would be advantageous for cooling the turbine vanes and other static structure.
Water cooling of rotating structures has been demonstrated on laboratory-scale turbine wheels (3), but represents a technological challenge to develop a 100-MW plus system that would not consume significant amounts of high-quality treated water. Air cooling of rotating structures at high-temperatures is a commercial reality in the aircraft industry but requires clean fuels to ensure against plugging of cooling holes.
Combustion tests (4, 5) of low-heating value fuels conducted in cooperation with Texaco Development Company at the latteris Montibello, California, gasification facility have demonstrated the ability to successfully combust gases from residual oil, coal, and mixtures thereof. The gasifier used in these tests is a second-generation type which operates at high temperature; therefore, no tars are produced. The sulfur scrubbing system involves extensive gas washing so that an alkali metal and particulate free gas is supplied to the combustor. Thus, it is possible to predicate cooling schemes on the availability of clean fuel gas from second-generation gasifiers.
A preliminary evaluation of a number of cooling schemes was made to identify their effect on gas turbine performance at 1k25C and pressure Fig. 3) . The results indicate that the use of water-cooled static structures and air-cooled blades would be an attractive method of gas turbine °baling. A further assessment of cooling methods was made including effects on the overall power plant. Two turbine temperatures were considered, 1425 and 1650 C. The 1650 C level represents a "growth" version or third-generation engine. A total of eight variations, four at each temperature level were investigated:
1 Water-cooled static/air-cooled rotating (w/a) 2 Water-cooled static/water-cooled rotating (w/w) 3 w/a with ceramic thermal barrier coatings 4 w/w with ceramic thermal barrier coatings.
A comparison of these is given in Table 2 . It is interesting to note that at 1425 C, the use of thermal barrier coatings and the w/a cooling scheme would result in an efficiency increase equal to that of changing from w/a to w/w. The performance gain resulting from an increase in turbine inlet temperature from 1425 to 1650 C is only 0.4 points or about 1 percent; however, there is a 20-percent increase in system power. Any incentive to increase turbine inlet temperature would be dependent upon a thorough assessment of the potential changes in capital costs due to increased specific power rather than on increases in efficiency.
The selection of the turbine cooling schemes was based upon the foregoing analyses and consists of water-cooled vanes and other static structure with air-cooled blades using compressor discharge air cooled to 200 C.
The selection of engine pressure ratio has to be carefully carried out since it affects the entire power plant including the gasifier and steam bottoming cycle. Trade-offs between specific power, a capital cost parameter, and overall efficiency, an operating cost parameter must be considered. An analysis was carried out at stator inlet temperatures of 1315, 1425, and 1650 C to identify trends in performance at varying pressure ratios (Fig. 4) . At the temperatures of interest, 1425 and 1640 C, a pressure ratio of 18:1 appeared to give the best compromise between efficiency and specific power.
MAXIMUM METAL TEMPERATURE
The amount of cooling required is a function of maximum hot spot metal temperature. Current industrial engines offer reasonable corrosion and erosion resistance at maximum metal temperatures in the 800 to 870 C range. After consideration of system duty cycle, blade stress and creep, performance, and combustor pattern factor, maximum metal temperature for the firststage vane was set at 815 C, while that for the first-stage blade would be 870 C. Average metal temperatures would be 400 and 665 C. respectively.
Lower metal temperatures are possible, but only with a penalty on performance. For example, Fig. 5 shows performance as a function of metal temperature. The amount of cooling air which can physically pass through the film-cooled blade would allow a minimum hot spot temperature of 790 C, but at a performance penalty of approximately 5 percent. If lower metal temperatures are required because of fuel contamination, such as would be expected from coal-derived liquid fuels, the use of water-cooled rotating parts can Fig. 6 Results of steam system analysis achieve the lower temperatures with minimum performance penalty, but with an increase in system complexity.
STEAM SYSTEM
For selecting the most attractive steam cycle, a series of parametric analyses were conducted using the optimum gas turbine cycle pressure ratio of 18:1 and a turbine operating temperature of 1425 C. The different steam systems evaluated varied from an 85 atm/510 C nonreheat system to a 240 atm/5 40 c/540 c system.
As part of this analysis, an additional gas turbine cycle with an overall pressure ratio of 12:1 was evaluated with the different steam cycles. The purpose of including this cycle was for verification that pressure ratio trends did not significantly change the selection of steam cycle conditions. Gas turbine component efficiencies, cooling airflows, and secondary flows were parametrically varied to reflect changes in the overall pressure ratio and turbine stator inlet temperatures.
The results of integrating the various combined gas and steam systems are shown in Fig. 6 in which overall system efficiency is given as a function of net system power per kilogram of gas turbine inlet airflow. High superheat and reheat temperatures along with high pressure provide the best system efficiency. The gas turbine exhaust and fuel gas temperature are high enough to allow steam to be generated at the high pressures and superheat/reheat conditions.
The results shown in Fig. 6 are for overall pressure ratios of 18:1 and 12:1 at the operating temperature of 1425 C. At the lower gas turbine pressure ratio of 12:1 and turbine temperature of 1425 C, the performance trends are essentially the same as defined earlier. A steam bottoming cycle at 240 atm/5 40 c/540 c, integrated with a gas turbine cycle operating at a pressure ratio of 18:1 and turbine temperature of 1425 C, exhibited the highest overall efficiency of all the steam cycles examined. Within recent years, however, utilities have refrained from incorporating supercritical steam systems because of the complexity and maintenance requirements. On the basis of this consideration, a 163 atm/510 0/51 0 C cycle was selected since it represents the best compromise between high performance and wasteheat recovery system practicality.
Interaction of the steam system and the waste heat boiler is influenced greatly by integration with the gasifier and cleanup system. A significant amount of heat is available from the gasifier fuel gas and this has been used to generate all the required 163-atm steam. Since the primary sources of heat are the gas turbine exhaust and the fuel gas from the gasifier, these two have been considered the most important factors in determining performance of the steam bottoming cycle. The constraints on the steam cycle conditions external to the steam power system are the gas turbine exit temperature, the stack temperature, and the gasifier raw fuel inlet/outlet temperatures to the boilers. The effects of these constraints are shown in Fig. 7 which is a temperature-heat (T-Q) curve showing the temperature profile of both the exhaust gas and the steam sides as a function of the amount of heat transferred. Minimum approach, or "pinch," temperature, which is to be maintained between the two fluids, is also shown. These temperature differences are a function of the local heat transfer coefficients and are determined by an economic evaluation of the heat exchanger surface area and cost. The stack gas temperature of 120 C is determined by the sulfuric acid dewpoint and is a function of corrosion and other practical considerations.
The heat rejected by both the air cooling and water cooling system in the engine is utilized 
OVERALL POWER PLANT DESIGN
A plan of the conceptual arrangement of the gaseous fuel-operated plant is shown in Fig. 8 .
Including coal pile, ash storage, water treatment ponds, switch yard, and other off-site facilities, the plant is contained in an area encompassing approximately 150 acres. Many units in the integrated plant design are similar to those contained in a conventional coal-fired power generating plant. These include: A plan of the power building is given in Fig. 9 . The gasifiers and gas clean-up systems are located opposite each gas turbine engine. These units (Fig. 10 ) require slightly less area than the power building and are located outdoors in steel structures. Within the power building, access has been provided so that a specially equipped truck with a blower can be positioned in front of each gas turbine to provide starting air.
The operation of the power plant can best be described by means of Fig. 11 , a flow schematic of the system. Initially, air from an auxiliary start-up compressor is sent to one of the preheated gasification systems and also to the gas turbine. Fuel is introduced to the gasifier at low-pressure and gas production begins. The pressure is gradually increased to 3.4 atm and flow adjusted until the gasifier is producing gas at 12 percent of full load. The gas turbine is started by the truck-mounted fan. When compressor pressure exceeds that of the auxiliary startup compressor, bleed air replaces that sent to the gasifier from the start-up compressor. From this point, the gasifier and gas turbine are completely integrated. Coal and bleed air are gradually increased to maintain the coal-to-air ratio. Through the entire rampup gas velocities in the gasifier and cleanup system are near design levels, and, therefore, both systems perform stably over the wide range of feed rates. At design point, approximately 61 kg/sec of the total engine flow rate of 370 kg/sec are sent to the booster compressor and then to the gasifier. Fuel gas from the gasifier passes through the fluid bed disengager where it is cooled from 982 to 468 C prior to passing through the regenerator where it is further cooled to 127 C. From the regenerator, the gas goes to the CO 2 absorber (which also removes most of the remaining H28) then through a final water wash prior to reheating in the regenerator and passing to the turbine. The remaining compressor discharge air, less than extracted for blade and disk cooling and buffer air, passes into the combustor to be used as combustion air, combustor cooling air and dilution air. After expansion, 382 kg/sec of combustion products at 614 C pass into the waste heat recovery system through one section of a reheater, the high-pressure superheater, the second reheater section, the low-pressure superheater, economizer and feed water heater, then to the stack at 139 C.
Low-pressure steam (31 atm), raised by the gas turbine cooling system, is superheated in the low-pressure superheater and used to drive the boost compressor along with extractio6 steam from the main steam turbine.
POWER PLANT PERFORMANCE
The estimated efficiency of the selected integrated gasification/combined-cycle plant is 44 percent. This efficiency value represents a 10 to 12 percent increase over conventional, coal-fired steam plants without pollutant control devices. The incorporation of pollution control equipment into the conventional system would make the performance difference even larger so that the integrated gasification/combined-cycle plant appears to be one of the most attractive approaches for generating. electric power in an efficient and environmentally acceptable manner.
The environmental impact of the coal gasification/combined cycle plant is less than a conventional plant because of both the higher efficiency and lower exhaust emissions. The raw materials for the gaseous-fueled plant are listed in Table 3 and the effluent streams are presented in Table 4 . A review of the estimated exhaust emissions indicates that a reduction in sulfur dioxide (502 ) of 82.5 percent a nearly 39 percent reduction in oxides of nitrogen (N0 x) can be obtained compared to current Environmental Protection Agency (EPA) standards for large, coalfired plants.
As indicated in Table 4 , the recovered sulfur from the plant systems is estimated at 202 long tons per day. The recovery of this quantity could be a source of operating credit for the plant. However, the usual practice is to assume that the sulfur will be removed from the plant site at a cost equal to the market value.
SUMMARY
The use of second-generation gasification processes, in conjunction with the second-generation gas turbine which might eventually result from the HTTTP, has the potential of operation at efficiencies significantly greater than conventional coal-fired plants. Although the economics of the power plant described herein have not been fully defined, studies of other integrated power systems (6) (7) (8) indicate that such plants should generate power at costs appreciably less than conventional systems.
